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THESIS ABSTRACT 
 
NAME:  ABDUL MUTTALEB ALI AL-SALMAN 
TITLE:  SIMULATION OF ICE MELTING IN A BOX 
MAJOR FILED: CHEMCIAL ENGINEERING 
DATE:  MAY 2005 
Melting of ice in a box is numerically investigated in this study. An enthalpy based 
fixed grid methodology is used for the numerical solution of this natural convection-
conduction controlled phase-change problem. In this approach the effects of the phase 
change (the latent heat evolution) are accounted for by the definition of suitable source 
terms in the governing equations. This makes the tracking of the moving interface not 
necessary. The freedom of defining these source terms allows the modeling of a variety 
of phase-change problems. 
Melting in a small two-dimensional block was simulated using a commercial 
computational fluid dynamics package. The results were found to be dependent on the 
grid size, time step size and the difference between liquidus and solidus temperatures. For 
melting in a 2×2 cm block, mesh sizes varying between 40×40 and 120×120 were tested 
and a mesh size of 110×110 was chosen. Time step sizes varying between 30 to 1 s were 
tested and a time step size of 1 s was chosen. Differences between liquidus and solidus 
temperatures varying between 1 and 0.05 K were tested and a difference of 0.05 K was 
chosen. The simulation results were validated against published correlations and a good 
 xiii 
agreement was observed. Results showed that the contribution of natural convection to 
melting in a block of ice heated from the top is substantially more (about eight times) 
than that of conduction. Results also showed that the melting rate is a function of the size 
and location of the heated area. The melting rate is found to be directly proportional to 
the size of the heating area but not in a one to one correspondence. As the size is halved, 
a 25% decrease in the melting rate is observed. The boundary conditions dictate the shape 
of the melted area. Results showed clearly that melting tends to occur away from a sub-
zero wall.  
Simulation of melting in a 20×20 cm was also investigated. Limited results were 
obtained. These results showed a reasonable qualitative agreement with experimental 
results. Simulation of melting in a small three dimensional model was also carried out. 
Due to the fine grid and the small time step needed, the computational cost of solving 
melting using the current method proved to be not very practical.  
  vix
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  ﻣﻠﺨﺺ اﻟﺮﺳﺎﻟﺔ
  
  ﻋﺒﺪاﻟﻤﻄﻠﺐ ﻋﻠﻲ ﻧﺎﺻﺮ اﻟﺴﻠﻤﺎن  :اﻹﺳـــــﻢ
  ﺑﺤﻮث رﻳﺎﺿﻴﺔ ﻟـﺬوﺑﺎن اﻟﺜﻠﺞ ﻓﻲ ﺻﻨﺪوق  :ﻋﻨﻮان اﻟﺮﺳﺎﻟﺔ
  اﻟﻤﺎﺟﺴﺘﻴﺮ   :اﻟﺪرﺟـــــﺔ
  هﻨﺪﺳﺔ آﻴﻤﻴﺎﺋﻴﺔ  :اﻟﺘﺨﺼـــﺺ
   م5002 ﻣﺎﻳﻮ     :اﻟﺘﺎرﻳــــﺦ
  
اﺳѧﺘﺨﺪﻣﺖ ﻃﺮﻳﻘѧﺔ ﺑﺤѧﺚ ﺣﺮارﻳѧﺔ . ﻓﻲ هﺬﻩ اﻟﺪراﺳﺔ ﺗﻢ ﺑﺤﺚ ذوﺑﺎن اﻟѧﺜﻠﺞ ﻓѧﻲ ﺻѧﻨﺪوق رﻳﺎﺿѧﻴﺎ ً  
ﺎﺑﺘѧѧﺔ ﻓѧѧﻲ اﻟﺤѧѧﻞ اﻟﺮﻳﺎﺿѧѧﻲ ﻟﻤѧѧﺴﺎﺋﻞ ﺗﻐﻴѧѧﺮ ﺣﺎﻟѧѧﺔ اﻟﻤѧѧﺎدة اﻟﺘѧѧﻲ ﻳѧѧﺘﺤﻜﻢ ﻓﻴﻬѧѧﺎ اﻟﺤﻤѧѧﻞ و ﺗﻌﺘﻤѧѧﺪ ﻋﻠѧѧﻰ اﻟѧѧﺸﺒﻜﺔ اﻟﺜ 
ﺗﻄѧѧﻮر ) ﻓѧѧﻲ هѧѧﺬا اﻟﻨѧѧﻮع ﻣѧѧﻦ اﻟﻤѧѧﺴﺎﺋﻞ، ﺗﺤѧѧﺴﺐ ﺗѧѧﺄﺛﻴﺮات ﺗﻐﻴѧѧﺮ اﻟﺤﺎﻟѧѧﺔ .  اﻻﺗѧѧﺼﺎل اﻟﺤѧѧﺮاري اﻟﻄﺒﻴﻌѧѧﻲ 
هѧﺬا ﻳﺠﻌѧﻞ ﺗﺘﺒѧﻊ .  ﺑﻮاﺳﻄﺔ ﺗﻌﺮﻳﻒ ﻣﺼﺪر وﺣﺪات  ﻣﻨﺎﺳﺒﺔ ﻓѧﻲ اﻟﻤﻌѧﺎدﻻت اﻟﻤﺘﺤﻜﻤѧﺔ ( اﻟﺤﺮارة اﻟﻜﺎﻣﻨﺔ 
ﺳѧѧﻤﺤﺖ ﺣﺮﻳѧѧﺔ ﺗﻌﺮﻳѧѧﻒ ﻣѧѧﺼﺪر اﻟﻮﺣѧѧﺪات ﺑﺘѧѧﺸﻜﻴﻞ ﻣѧѧﺴﺎﺋﻞ .  ﺘﺤѧѧﺮك ﻏﻴѧѧﺮ ﺿѧѧﺮوري اﻟѧѧﺴﻄﺢ اﻟﺒﻴﻨѧѧﻲ اﻟﻤ 
  .ﻣﺨﺘﻠﻔﺔ ﻟﻤﺴﺎﺋﻞ ﺗﻐﻴﺮ اﻟﺤﺎﻟﺔ
ﺗѧﻢ ﺑﺤѧﺚ اﻟѧﺬوﺑﺎن ﻓѧﻲ آﺘﻠѧﺔ ﺻѧﻐﻴﺮة ﺛﻨﺎﺋﻴѧﺔ اﻷﺑﻌѧﺎد ﺑﺎﺳѧﺘﺨﺪام ﺑﺮﻧѧﺎﻣﺞ دﻳﻨѧﺎﻣﻴﻜﻲ ﺗﺠѧﺎري ﻋѧﺪدي   
ﺗﻢ اﻧﺠﺎز اﺧﺘﺒﺎر ﺷﺎﻣﻞ ﻟﺘﺄﺳﻴﺲ ﺣﻞ ﻻ ﻳﻌﺘﻤﺪ ﻋﻠѧﻰ ﺣﺠѧﻢ وﻧѧﻮع اﻟѧﺸﺒﻜﺔ و ﻻ ﻳﻌﺘﻤѧﺪ ﻋﻠѧﻰ ﺳѧﻌﺔ .  ﻟﻠﺴﻮاﺋﻞ
ﻟﻘѧﺪ دﻟѧﺖ اﻟﻨﺘѧﺎﺋﺞ ﻋﻠѧﻰ أن .  ﺧﻄﻮة اﻟﻮﻗﺖ و ﻻ ﻳﻌﺘﻤﺪ ﻋﻠﻰ اﻟﻔﺮق ﺑѧﻴﻦ درﺟѧﺎت ﺣѧﺮارة اﻟﺘﺠﻤѧﺪ واﻟѧﺬوﺑﺎن 
ﻣﺴﺎهﻤﺔ اﻟﺤﻤﻞ اﻟﺤﺮاري اﻟﻄﺒﻴﻌﻲ ﻟﻠﺬوﺑﺎن ﻓﻲ ﻣﺠﺴﻢ ﺛﻠﺞ ﺗѧﻢ ﺗѧﺴﺨﻴﻨﻪ ﻣѧﻦ ﻓѧﻮق هѧﻲ أآﺜѧﺮ ﻣѧﻦ اﻻﺗѧﺼﺎل 
ﻬﺎ ﺗﺠѧﺎرب أﺧѧﺮى ﺗѧﻢ ﺗﻨﻔﻴѧﺬهﺎ ﻟﺒﺤѧﺚ ﺗѧﺄﺛﻴﺮات ﺣﺠѧﻢ وﻣﻜѧﺎن ﻣѧﺴﺎﺣﺔ اﻟﻤﻨﻄﻘѧﺔ اﻟﺘѧﻲ ﺗѧﻢ ﺗѧﺴﺨﻴﻨ .  اﻟﺤѧﺮاري 
دﻟﺖ اﻟﻨﺘﺎﺋﺞ ﻋﻠѧﻰ أن درﺟѧﺔ اﻟѧﺬوﺑﺎن .  واﻟﺤﺮارة اﻟﻤﺒﺪأﻳﺔ وﺣﺮارة اﻟﺴﻄﺢ ااﻟﻤﺴﺨﻦ ﻋﻠﻰ ﺳﺮﻋﺔ اﻟﺬوﺑﺎن 
  vx
ﻋﻼوة ﻋﻠﻰ ذﻟﻚ دﻟﺖ اﻟﻨﺘﺎﺋﺞ ﻋﻠﻰ أن ﺗﻐﻴﻴѧﺮ ﺑѧﺴﻴﻂ ﻓѧﻲ .  ﺗﺘﻨﺎﺳﺐ ﺗﻨﺎﺳﺒﺎ ﻃﺮدﻳﺎ ﻣﻊ ﺣﺠﻢ اﻟﺴﻄﺢ اﻟﺴﺎﺧﻦ 
  .ﺣﺮارة اﻟﺤﺪود ﻗﺪ ﻳﺆﺛﺮ ﻓﻲ ﻋﺪم ﺗﻤﺎﺛﻞ ﻋﻤﻠﻴﺔ اﻟﺬوﺑﺎن
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Chapter One 
 
INTRODUCTION 
 
1.1 Introduction: 
Phase-change problems play important roles in many industrial and natural 
processes.  Heat transfer with phase-change and more specifically melting and 
solidification have been the subject of intensive research in the past three decades mainly 
due to the significance of phase-change problems in natural and industrial processes. 
Examples of melting/solidification in industrial field include plastics manufacturing, 
purification of metals, casting of metals, latent heat of fusion in thermal energy storage, 
crystal growth and many other chemical processes. This study aims to investigate 
numerically phase change problems in bounded objects. 
When a solid object is heated or a liquid is cooled at a certain boundary, if this 
boundary has a temperature higher than the melting point or lower than the freezing 
point, heat transfer will take place and result in a phase-change. A front will form 
between the old and the newly forming phases. The location of the front cannot be 
predetermined. The movement and consequently the location of the phase front are 
determined by the driving forces on both sides of the front. 
Melting has been investigated experimentally by many researchers. Rectangular, 
cylindrical (in or around) and spherical enclosures have been the main geometries for 
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studying melting with more work done with the cylindrical and the rectangular 
geometries.  
The majority of researchers have used a phase-change material (PCM) as a medium 
of their study while a few have used an ice-water system. The ice-water system is 
offering a bigger challenge because of the density inversion at 4 °C.  
The phase-change problem of melting from a vertical wall in a rectangular 
enclosure has been the subject of considerable research in recent years due to its 
importance in current technological applications.  Melting from above or below a 
horizontal wall was also considered by many workers. Some additional aspects such as 
inclination, fins and sub-cooling were also investigated. These aspects are reviewed in the 
next subsections. 
In chapter two, the following will be reviewed: 
1) Melting along a vertical wall in a rectangular enclosure  
2) Melting in an inclined rectangular enclosure  
3) Melting along a horizontal wall in a rectangular enclosure 
4) Melting in geometries other than a rectangular enclosure  
5) Experimental determination of the location of the melt-front. 
1.2 Objectives: 
The main objectives of this study are to: 
1) Develop a 2-D model for ice melting using a CFD (FLUENT) package. 
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2) Study the effects of grid size, grid type, time step and turbulence model of the 2-D 
model if needed (depends on Rayleigh number). 
3) Validate the 2-D results against some results in literature.  There are plenty of 
experiment results available for melting/freezing along a vertical wall. 
4) Develop a 3-D model for ice melting. 
5) Validate the 3-D model against published results and/or experiment results 
obtained in the Chemical Engineering Department of KFUPM. 
6) Perform parametric runs by varying the geometry. 
7) Perform parametric runs by varying the heating area. 
8) Perform parametric runs by varying the initial temperature of ice and heating 
surface. 
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Chapter Two 
 
LITERATURE REVIEW 
 
2.1 Experimental Work 
 
2.1.1 Phase Change along a Vertical Wall in a Rectangular Enclosure 
The significant influence of free convection in the melting process in rectangular 
cavities was clearly demonstrated by Marshall (1978); Van Buren and Viskanta (1980); 
Bareiss and Beer (1984); Ho and Viskanta (1984); Gau and Viskanta (1986) and Wolff 
and Viskanta (1987).  This was also shown analytically by Gadgil & Gobin (1984); Liu et 
al. (1993) and Ho and Chu (1993). 
The melting is initially controlled by conduction, but as the melt layer widens, 
Rayleigh number increases and a significant heat transfer occurs through convection. 
These experiments have shown that for the case of heating from a vertical wall, more 
melting took place at the top than near the bottom of the heated vertical surfaces. This 
change of melt shape with time provided conclusive evidence of the importance of 
natural convection in the melted region.   
2.1.2 Melting in an Inclined Rectangular Enclosure 
Melting in an inclined rectangular enclosure was investigated by Webb and 
Viskanta (1986) using n-octadecane.  Similar to the work of Hale and Viskanta (1978), 
the solid-liquid interface position was recorded at pre-selected time intervals with a still 
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camera and the contours of the solid-liquid interface were reconstructed from the 
photographs. Results showed that inclination produced a strong three-dimensional vortex 
motion that tends to Benard convection patterns as the angle of inclination from the 
vertical is increased. This yielded significantly higher melting rates compared to a 
vertical melting case.  
Inaba et al. (1989) found that melting front morphology closely depends on both 
angle of inclination and heated-wall temperature.  
2.1.3 Phase Change along a Horizontal Wall in a Rectangular Enclosure 
Hale and Viskanta (1980) investigated the solid-liquid interface motion during 
freezing and melting from above as well as below in a cell 8.9 cm high, 14.6 cm wide and 
2.2 cm deep. They used a few PCM such as stearic acid, sodium phosphate and sodium 
sulfate. They demonstrated the significance of free convection in solid-liquid phase 
change heat transfer.  
Brewster and Gebhart (1988) studied the effects of natural convection on freezing 
downward into a large scale quiescent deep layer of pure water. The coupled mechanisms 
of convection and freezing were shown to be very complicated due to both buoyancy 
force reversals and liquid super-cooling.  Super-cooling is summarized by the fact that 
water cools down to between -5 °C to -7 °C before it freezes. 
2.1.4 Melting in Geometries Other than a Rectangular Enclosure 
 
Many experimental studies of melting and solidification in geometries other than 
rectangular enclosures, especially cylindrical geometries, were carried out.  Webb et al. 
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(1987) investigated melting of unrestrained ice in a horizontal cylindrical capsule.  Three 
distinct flow regimes depending on wall temperatures were identified. These 
temperatures were below the density inversion temperature, around the density inversion 
temperature and one far above it. 
In addition to investigations of melting/solidification in rectangular and cylindrical 
geometries there have also been studies in a spherical enclosure. Experimental results 
were reported by Moor and Bayazitoglu (1984) and Saitoh and Moon (1993a, 1993b) (all 
using n-octadecane). 
The effects of natural convection on solid/liquid phase change in porous media 
have been investigated experimentally by Weaver and Viskanta (1986) (cylindrical 
capsule); Beckermann and Viskanta (1988) (vertical square enclosure); Sugawara et al. 
(1988) (cooling from above in a rectangular enclosure) and Chellaiah and Viskanta 
(1989). 
2.1.5 Experimental Determination of the Location of the Melt-Front 
A major task in experimental melting research is the exact determination of the 
melt front. Researchers have used different techniques ranging from photographic 
techniques to 2-D and 3-D flow field acquisition methods.  
Hale and Viskanta (1978) used photography to observe the solid-liquid interface 
motion during melting of a solid heated from an isothermal vertical wall. They used n-
octadecane in a rectangular enclosure. The solid-liquid interface position at different 
times was determined directly from photographs. 
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Yeoh (1992), Kowalewski and Rebow (1997) and Kowalewski (1997) used a flow 
visualization technique for measuring temperature and velocity fields. This is primarily 
done using a computational analysis of the color and displacement of liquid crystal 
tracers and it is used to determine both the temperature and velocity fields of the flow. It 
combines Digital Particle Image Thermometry (DPIT) and Digital Particle Image 
Velocimetry (DPIV). 
Diaz and Viskanta (1984) used a flow visualization technique to obtain the position 
of the melt front and information about flow during melting a horizontal wall in a 
rectangular enclosure.  They used aluminum powder as a flow tracer. 
Van Buren and Viskanta (1980) used interferometric measurements to obtain 
detailed temperature distribution and local heat transfer coefficients during melting from 
a vertical surface. Interferometric measurements were not possible at early times when 
the melt layer is not sufficiently thick to permit the passage of enough light to produce 
sharp interference fringes. 
2.2 Numerical Work 
The mathematics of freezing is complicated due to a number of factors. The 
problem, in general, is three-dimensional and transient in nature. There is a phase change 
interface which moves either into the liquid body (freezing) or into the solid body 
(melting) depending on the net direction of heat transfer. Heat is absorbed or liberated at 
the interface, the thermal properties of the two phases are different, and the position of 
the interface is not known a priori. 
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One boundary condition that is obtained from the energy balance at the liquid-solid 
interface is inherently nonlinear, Ozisik (1980), Carslaw and Jaeger (1959) and Crank 
(1984). The rate of travel of the interface also changes in time. Finally, the various kinds 
of practical boundary and initial conditions are additional factors that further complicate 
the mathematics. For a variety of these problems there are solutions available in the 
literature. The solutions in general differ according to the boundary conditions, 
simplifying assumptions, coordinate dimensions and solution techniques. 
Numerical heat transfer is a broad and highly active research area. A recent 
literature survey in a series by Shih and Ohadi (1993), lists 16 subject areas with nearly 
700 publications that appeared in just seven journals in the 1990-1991 period.  In a 
similar survey, Shih et al. (1996) listed the same number of subject areas with over 700 
publications appearing in the 1992-1993 period. Problems involving phase change and 
moving boundaries are dealt with in a sub-set of the literature. The first analysis of 
freezing-melting interfaces is widely credited to an (1891) publication by Stefan and 
tracking the interface is frequently referred to as the “Stefan problem”. 
2.2.1 Numerical Techniques for Phase Change Problems 
A large amount of work dealing with numerical treatment of heat transfer 
associated with phase change problems has been published. The methods and techniques 
used are varied and numerous.  Grid type and formulation of the problem will be 
discussed in this section. 
In the finite difference literature, two alternative and popular approaches are the 
fixed grid and the transformed grid.  In the first approach, a fixed grid is applied directly 
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in real space and the interface conditions are accounted for by the definition of suitable 
source terms in the governing equations (Voller and co-workers, 1987).  In the second 
approach, governing equations and their boundary are cast into a generalized curvilinear 
coordinate system. 
Fixed grids have been used to solve many problems such as convective transport 
solved by Salcudean and Abdullah (1988); melting of pure metal solved by Brent et al. 
(1988) and solute transport solved by Beckermann and Viskanta (1988).  A 
comprehensive review of fixed grid methods can be found in Voller et al. (1990). 
There are two alternative versions of the governing equations.  The first is based on 
primitive variable with the energy expressed in terms of enthalpy.  The second is a stream 
function-vorticity formulation with a temperature energy equation. 
In this proposal and for the numerical work which will follow, fixed grids 
technique and primitive variables will be used as this will make it feasible to go to full 
three-dimensional model and it is expected that this approach will be adequate to solve 
the phase change problem of concern. 
In summary, phase change problems have been widely investigated experimentally and to 
a lesser extent numerically.  However, there is still a need to investigate the effects of 
natural convection on the melting in a box when heated from above. 
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2.3 Numerical Techniques 
2.3.1 Fixed Grid Technique 
In the fixed grid phase-change approach, the heat and mass conditions on the 
moving interface are incorporated into the governing equations via the definition of 
suitable volume source terms.  
In this approach a fixed grid is applied directly in real space and the interface 
conditions are accounted for by the definition of suitable source terms in the governing 
equations.  The freedom of defining the source terms allows the modeling of a variety of 
phase-change problems. 
Fixed-grid techniques have also been developed for dealing with conduction and 
convection-controlled phase-change problems.  When accounting for heat flow in the 
phase-change region, the fixed-grid method employed is the so-called enthalpy method. 
In the enthalpy approach, the heat flow at the interface is accounted for by  
specifying a volume source term to track the latent heat content of a computational cell or 
on the introduction of an enhanced heat  
The essential feature of the resulting numerical implementation is the “smear” out 
the interface phenomena over an element of the numerical discretization and thereby 
remove the need to know the exact location of the liquid-solid interface. 
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In summary, in a fixed grid technique (i) the enthalpy of each grid cell is calculated, 
(ii) the enthalpies of liquid phase and solid phase are know, and (iii) the amounts of 
liquid and solid in each cell can be found. 
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Chapter Three 
 
MATHEMATICAL FORMULATION 
 
3.1 Primitive Variables Formulation 
In this formulation the dependent variables are the velocities and the pressure, 
which require a system of three partial differential equations which are the continuity and 
motion in two dimensions. The solution of these equations leads to considerable 
difficulty owing to the non-linearity, especially when coupled equations for energy and 
possibly turbulence have to be solved simultaneously. One method of tracking the solid 
liquid interface is to use a method called the marker and cell (MAC) method and was 
developed at Los Alamos Laboratories by Harlow and Welch (1965) and Hirt el al. (1975 
and 1981).  As the name implies, this method involves placing marker particles on the 
interface and then moving these markers by using interpolations of the local fluid 
velocities. 
The Navier-Stokes equations cannot be solved in the primitive variable form by 
using the “control volume method”. The technique TEACH (Teaching Elliptic Axi-
symmetric Characteristics Heuristically) and follow up codes have been developed at the 
Imperial College of Science and Technology in the UK, Gosman and Ideriah, (1976) and 
Patankar (1980). 
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These days, most solutions use the Semi Implicit Pressure Linked Equations 
(SIMPLE) algorithm that developed by Patankar (1980) or a version of it such as 
SIMPLER or SIMPLEST. 
3.2 Solution Using a CFD Package (FLUENT) 
In the case of using a computational fluid dynamics package, the full set of 
mass, momentum and energy equations are solved for the liquid phase in two- or 
three-dimensions. The change of phase is determined by a heat balance and the 
interface is tracked by determining the volume fraction of each of the two phases 
(solid and liquid) in each cell of the computational domain. The accuracy of the 
interface tracking is expected to be enhanced by the proper choice of the size of the 
grid cells and the size of the time steps. 
3.3 Mathematical Formulation 
The governing equations for a phase change problem are the mass, momentum and 
energy equations. The model is made complete with an equation resulting from an energy 
balance at the interface and an equation showing density variations with temperature. 
3.4 General Formulation For a Two-Dimensional Example 
Consider a Newtonian incompressible fluid in the laminar flow regime. Heat and 
momentum transfer phenomena are described as follows: 
(a) Conservation of mass (equation of continuity) can be represented as follows: 
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where υx and υy  are velocities in x- and y-directions respectively.  
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where P is pressure, ρ is density, μ is viscosity, Sx, Sy and Sb are source terms which need 
to be defined. 
(c) Conservation of Heat: 
A suitable conservation of heat equation can be written in terms of enthalpy h = CpT (i.e. 
the product of specific heat and temperature) as in Patankar (1980): 
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     ρ ∂∂ ρ α
h
t
div h div grad h Sh+ − + =( ) ( )u 0     (3.4) 
where α is the thermal diffusivity and Sh is a source term. In a phase change problem the 
source term Sh will depend on the nature of the latent heat evolution and will require 
careful definition. 
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3.5 A Three-Dimensional General Formulation in Primitive Variables 
 
The governing equations can be represented as follows: 
Conservation of mass (equation of continuity) 
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where P is pressure, ρ is density, μ is viscosity and Sx  is the source term. 
Conservation of momentum (equation of motion) - Y 
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where Sy  is the source term. 
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Conservation of momentum (equation of motion) - Z 
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where g is the acceleration due to gravity and Sz  and Sb are the source terms.  
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where T is the temperature, Cp is the heat capacity and Sh is the source term. 
Energy balance at the interface for multidimensional cartesian coordinate system: 
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Where S is the thickness of the melt layer, ρS is the solid density, TS is the solidus 
temperature, Tl is the liquidus temperature. 
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Density variation with temperature is governed by the following equation: 
ρ ρ ρ β= − −⎛⎝⎜
⎞
⎠⎟Tref Tref Tref T Tref      (3.11) 
3.6 Tracking the Interface 
Tracking the moving interface is a major task of the numerical method.  In 2-D and 
3-D, it involves a great deal of bookkeeping, i.e. if temperature based governing heat 
transfer equations are used, difficulties may arise. The main reason for this is that in the 
vicinity of the phase change, conditions on temperature, velocity and heat removal have 
to be accounted for.  
There are methods that make the tracking of the interface not necessary. These 
methods use fixed grids and enthalpy formulation.  Their main feature is to account for 
the latent heat evolution by defining suitable source terms in the governing equations.  
Here, the melting is assumed to occur over a narrow temperature range.  This is more true 
for alloy compared to a pure component.  The temperature range could be made very 
small i.e. 0.01 oC or even less.  Material in this temperature range is assumed to behave 
like a mushy (porous medium or solid/liquid) material. 
At the solid-liquid interface, or in the case of a non-isothermal phase change in the 
mushy region, the velocities in the x and y directions (for a 2-D case) go to zero.  
Therefore, to apply the momentum equations in a solid/liquid phase change, this behavior 
must be taken into account. 
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There are a number of alternative methods by which the behavior of the velocities 
in the vicinity of the phase change can be modeled, these methods are: 
(a) Switch-off techniques 
(b) Darcy source 
(c) Variable viscosity 
These ways of handling the source terms in the governing equations will be 
discussed in more details in the next section. 
3.7 Source Terms 
3.7.1 Momentum Source Terms - Switch-off Techniques 
A straight forward approach of modeling the velocity change is to overwrite the 
velocity solution in the solid to be zero (Voller et al. 1987). The problem is in identifying 
the solid and liquid regions. Predicted values of the latent heat contribution can be used.  
Let ΔHr be the representative latent heat of an element of the numerical discretization.  
The velocity components associated with the element can be set to zero if ΔHr ≤ A, where 
0<A<L.  If A=L, the velocity is switched off in an element just as the phase change 
commences in that element. If A = 0, the velocity is not switched off until the element 
has completed the phase change. 
3.7.2 Momentum Source Terms - Darcy Source 
Sx and Sy source terms are used to modify the momentum equations in the mushy 
region (Voller and Prakash 1987 and Voller et al. 1987): 
 20 
Sx A x
Sy A y
= −
= −
υ
υ      (3.12) 
A increases from zero to a large value as the local solid fraction Fs increases from its 
liquid value of zero to its solid value of 1.  If the solid fraction, Fs, is equal to 0 then Sx = 
Sy = 0 and the momentum equations are in terms of actual liquid velocities. 
In the mushy region, the value of A increases such that the values of the sources 
begin to dominate the transient, convective and diffusive terms. The momentum 
equations approximate the Darcy law where  
u = −( / )K grad Pμ     (3.13) 
where the permeability, K, is a function of the porosity λ (=1-solid fraction). 
When an element of the numerical discretization is changing phase its latent heat 
will be 0<ΔHr <L. The value of ΔHr indicates the amount of solid in the element. A 
possible model would be that of a porous medium with the liquid fraction flowing 
through a solid matrix. This is physically significant in a mushy phase change. For 
isothermal change A is selected by experience. For mushy problems a Carman-Koseny 
equation can be used as basis: 
A C q= − − +( ) / ( )1 2 3λ λ     (3.14) 
C depends on morphology of system (e.g. 1600), q is a small number to avoid division by 
0 (e.g. 0.001). 
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3.7.3 Momentum Source Terms -Variable Viscosity 
Another technique is to have a variable viscosity (Voller et al. 1987).  The viscosity 
is taken to be a function of enthalpy (more convenient than temperature) such that in the 
mushy region it rises to a large value. This has the effect of inhibiting the velocity so that 
any predicted velocities in the solid region are negligible. If viscosity is a function of 
enthalpy, isothermal and mushy problems can be handled (if a function of temperature 
then mushy problems only can be handled).  A suitable function is : 
 μ = μ1 + B[L-ΔHr ]    (3.15) 
where μ1 is the liquid viscosity, B is a large value and L is the latent heat of fusion. 
When a numerical element is all liquid ΔHr = L and μ=μ1.  When a part of the 
element changes phase ΔHr becomes less than L and μ will increase.  For a solid, ΔHr = 0 
and μ = μ1 + BL 
3.7.4 The Buoyancy Source Term 
Sb is a buoyancy term used to induce natural convection (Voller and Prakash, 
1987). Boussinesq approximation is assumed, i.e. density is constant in all terms except a 
gravity source term: 
Sb g h href c= −ρ β( ) /     (3.16) 
where β is a thermal expansion coefficient and href is a reference value of sensible heat. 
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3.7.5 The Latent Heat Source Term 
The essential feature of the current enthalpy method for convection/diffusion phase 
change problems is the latent heat source term in the above equation.  In a system which 
is undergoing a change of phase under heat transfer the total enthalpy is often expressed 
as: 
H = h + ΔH     (3.17) 
The sum of sensible enthalpy h and latent heat ΔH. 
The latent heat contribution is some function of temperature: 
ΔH = F(T)     (3.18) 
The form of this function, F, will depend on the problem.  Examples include: 
 
(i) Binary alloy solidification/melting: 
,
( ) (1 ),
0,
L T T
L
F T L F T T T
s L S
T T
S
⎧ >⎪⎪⎪= − > >⎨⎪⎪ <⎪⎩
  (3.19) 
where Fs is the solid fraction, which may be a non-linear function of temperature, L is the 
latent heat  of fusion and TL and TS are the liquidus and solidus temperatures, 
respectively. 
(ii) Isothermal solidification/melting: 
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0 0     (3.20) 
In this case the latent heat of evolution is released at a single temperature Tm, which 
has the value 0 in the previous equation for convenience. Using the definition of enthalpy 
provided earlier, the heat transfer equation for a region undergoing a phase change is 
developed. The form of Sh derived by this equation is cast into the form of the 
conservation of heat equation. 
Sh
H
t
= ρ ∂∂
Δ
     (3.21) 
that is the rate of change of volumetric latent heat. 
3.8 Implementation 
The previous discussion is general in nature.  It can be implemented using any 
reasonable numerical technique such as control volume (CV).  The latent heat content of 
each CV needs to be updated after each iteration.  Voller et al. (1983) have developed a 
reliable method to update the latent heat content. 
A CFD package such as FLUENT can be used to implement the conservation 
equations.  Here, the CFD package utilizes a finite domain method which is fully implicit 
in time and uses upwind differencing in space.  The finite domain discretization follows 
the same notations given by Patankar (1980), uses the energy equation as an example and 
refers to the grid arrangement shown in Figure 1 below.  This can be written as: 
a h a h a h a h a h a h bP P H H L L N N S S P P= + + + + +o o    (3.22) 
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where the subscripts indicate the appropriate nodal values, the a’s are coefficients which 
depend on the diffusion and convective fluxes in to pth control volume, aP° = ρδzδy/δt 
and ( )° represents evaluation at previous time step. The parameter b incorporates a 
discretized form of the source term Sh.  
The discretized form of the momentum equations is similar to the above equation, 
but the grid is staggered (see the dashed control volumes in Figure 1). A staggered grid 
makes the accounting for the pressure more accurate, Patankar (1980).  
The Fluent code uses an algorithm similar to the SIMPLE algorithm presented by 
Patankar (1980). 
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Figure 3.1: An example of a staggered grid caption. 
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Chapter Four 
 
MELTING IN A TWO-DIMENSIONAL ICE BOX 
 
4.1 Introduction 
To implement the previously discussed case numerically, a fixed-grid technique is 
used.  A commercial general purpose three-dimensional CFD package (FLUENT) is 
utilized.  The package implements the lumped heat capacity approach discussed in the 
previous chapter. 
The competing effects of positive and negative buoyancy forces and interacting 
layers of hot and cold liquid create interesting flow patterns that are difficult to model. To 
obtain a clear idea of the melting process and how it is affected by natural convection, a 
base case is first presented. 
A two dimensional model is considered first. A thorough testing of the solution 
dependence on grid size, grid type, time step size and the difference between liquidus and 
solidus temperatures was carried out. The model is then used to carry out some 
parametric runs. 
4.2 Melting in 2 by 2 cm Two-Dimensional Box 
As a test case, a two-dimensional 2x2 cm box filled with a frozen substance was 
chosen. A numerical model of this box was constructed. Since the geometry is a regular  
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Top wall T=340 K. 
 
 
Initial temp= 270 K. 
 
 
 
Left, bottom and right walls 
T=270 K 
 
 
 
         20 mm 
 
Figure 4.1 A schematic diagram of the two-dimensional box 
 
square, a structured mesh is used. A schematic diagram of the test case is shown in Figure 
4.1 
The box is a 2 cm a side square, initially filled with a frozen material at 270 K. The 
top wall is kept at a constant temperature of 340 K while the remaining left, bottom and 
right walls are kept at 270 K. Zughbi et al. (1998) reported a somewhat similar 
experimental set-up, where frozen material (ice) was melted in a box by heating the top 
surface. The ice box was immersed in an ice bath so that the side and bottom walls were 
kept at a temperature close to the freezing temperature of water.  However, a part of the 
top surface only was heated.   
In this case, the latent heat of solid/liquid material was set at 333 kJ/kg while the 
solidus and liquidus temperatures were set at 273 K and 274 K respectively. This is a 
large difference for a pure component such as ice. It will be refined later on.  The 
physical properties of the substance used initially are close but not the same as those of 
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water.  In a later section, runs with water and its properties will be reported. The physical 
properties used in sections 4.2-4.6 are shown in Table 4.1. 
A 40 by 40 mesh was used to discretize the geometry using a Quad type mesh. This 
is a rectangular mesh. This means that a total of 1600 cells were needed. A time step size 
of 30 seconds was used and the effects of turbulence were neglected. The time is 
measured from the start of turning on the heating system. 
Figure 4.2 shows the velocity vectors at times of 10, 20, 30 40, 50 and 60 minutes. 
This figure shows how the flow pattern due to natural convection develops with time and 
with the increase in the thickness of the melt layer. These flow patterns did not show any  
Table 4.1: Properties of frozen material 
Density of solid state (kg/m3) @ 270 K 990 
    @ 273 K 995 
Density of liquid state (kg/m3) @ 274 K 999 
     @ 277 K 1000 
     @ 293 K 998 
     @ 313 K 997 
     @ 353 K 992 
Heating Capacity, Cp (J/kg-K) 4174 
Thermal Conductivity (W/m-K) 0.621 
Viscosity (kg/m-s) 0.00553 
Heat of melting (J/kg) 333793 
Molecular Weight (kg/kmole) 18 
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t=10 min. 
 
t=20 min. 
 
 
t=30 min. 
 
 
t=40 min. 
 
t=50 min. 
 
 
t=60 min. 
Figure 4.2 Velocity vectors at different times for a 2x2 cm ice box of 40x40 mesh size. A time step 
size of 30 second is used. 
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further significant change after the 30 minutes mark. It is clear from this figure that six 
main circulations can be seen from the velocity vectors in Figure 4.2. There is one 
clockwise circulation pocket near the left wall in the lower part of the melt area, followed 
by a counter-clockwise, a clockwise and finally a counter-clockwise circulation pattern. 
Near the top left hand corner, there is a counter-clockwise circulation while near the top 
right hand corner there is a clockwise circulation pattern. As time advances these 
circulation patterns got elongated, but no significant change in the flow patterns was 
observed. The velocities in the melt layer are in the range of a one mm/sec. This agrees 
with values reported in the literature for similar cases (Kowaleswski and Rebow, 1998).  
The hot liquid is transported from the top to the bottom of the box through the center of 
the ice. The two top circulation patterns move the hot water from the top of the box 
downwards along the left and right walls. The four central and lower patterns contribute 
significantly to the melting rate by enhancing heat transfer through natural convection. 
Figure 4.3 shows the melt front in the box at the same time intervals shown in 
Figure 4.2, i.e. at 10, 20, 30, 40, 50, and 60 minutes. The depth of the melt region can be 
seen clearly. The interface thickness is a few millimeters. This is a function of the grid 
size and the difference between the liquidus and solidus temperatures. The thin un-melted 
layer at the side and bottom boundaries is a result of setting these walls at a temperature 
below the melting temperature, i.e. 270 K. This layer is likely to stay as long as the 
boundaries are kept at 270 K. 
Figure 4.4 shows a plot of melt thickness in mm versus the time of heating. The 
change in the rate of melting is clear. A steep rate is observed in the first 7 minutes,  
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t= 10 min. 
 
 
t= 20 min. 
 
t= 30 min. 
 
 
t= 40 min. 
t= 50 min. 
 
 
t= 60 min. 
Figure 4.3 Liquid volume fractions at different times for a 2x2 cm ice box of 40x40 mesh size.  A 
time step size of 30 second is used. 
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Figure 4.4: The melting rate versus time for a 2x2 cm ice block of 40x40 mesh size.  The time step 
size is 30 seconds. 
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followed by a plateau where the melting rate is sharply reduced, then followed by a 
region of higher melting rate but lower than that of the first 7 minutes. At a time of about 
45 minutes, the melting rate hits a plateau again and is sharply reduced in value. These 
melting rates in cm/minute are summarized in Table 4.2 
4.3 Solution Independence of the Grid Size 
The independence of any CFD solution of the grid size has to be established before 
the results can be considered as credible. A number of grid sizes was considered, and the 
melt thickness versus time was compared. In addition to the 40× 40 mesh, meshes of 
80×80, 90×90, 100×100, and 110×110 were considered. This means a total number of 
1600, 6400, 8100, 10,000 and 12,100 cells respectively is used. The size of each grid cell 
is 0.05, 0.025, 0.02222, 0.02, 0.01818 cm.  
Figure 4.5 shows a plot of the melt thickness versus time for all five mesh sizes. It 
is clear that for mesh sizes 80×80 and finer the long plateau following the steep melting 
rate has disappeared. This is more in line with expectations as the long plateau cannot be 
explained. However the slowing in the melting rate can be easily explained. As the melt 
Table 4.2 The melting rate for a 2x2 cm ice block at 10, 20, 40 and 50 min 
Time (minutes) Melt Thickness (cm) Melting Rate cm/min. 
10 0.670 0.067 
20 0.775 0.0388 
40 1.45 0.0363 
50 1.75 0.035 
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Figure 4.5: The melting rate versus time for a 2x2 cm ice block with different mesh sizes (Quad type). 
A time step size of 30 seconds is used. 
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thickness increases the resistance to conduction heat transfer increases, while no 
significant change is noticed in the contribution of the natural convection. For mesh sizes 
80×80 and finer, the melting rate over the first 14 minutes is almost identical. This is 
mainly because in this region the conduction heat transfer was still playing a major role 
of the solution. The plots of the melt thickness versus time for the 100×100 and 110×110 
are very close. The difference over 60 minutes is less than 0.5 mm which means an error 
of about 3% error. Therefore a mesh size of 110×110 is chosen.  In a later section a mesh 
size of 120×120 will be tested and compared with 110×110 mesh size to confirm the 
selection of 110×110 mesh size.  This will be done after examining the solution 
independence of solidus and liquidus temperatures and applying the actual physical 
properties of water and ice. 
Figure 4.6 shows the velocity vectors for each of the mesh sizes at time equals to 20 
and 60 minutes. The patterns for mesh sizes of 80 x 80 and finer are very similar. To 
investigate the similarities between the solutions of various mesh sizes further, a line was 
defined across the melted region at a time equal to 30 minutes and at y = 1.0 cm. A plot 
of velocity along this line for all mesh sizes is shown in Figure 4.7. The proximity of the 
solutions for mesh sizes 100 × 100 and 110 × 110 is further strengthened.  
4.4 Solution Independence of the Grid Type 
For a rectangular geometry, such as the two dimensional ice box considered in this 
chapter, a structured (Quad) mesh is first used because the grid can perfectly fit the 
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t=20 min., 40 x 40 mesh  
 
 
t=60 min., 40 x 40 mesh  
 
t=20 min., 80 x 80 mesh  
 
t=60 min., 80 x 80 mesh  
 
 
t=20 min., 90 x 90 mesh  
 
t=60 min., 90 x 90 mesh  
Figure 4.6a: Velocity vectors for 40x40, 80x80 and 90x90 mesh sizes.  The time step size is 30 
seconds. 
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t=20 min., 100 x 100 mesh  
 
t=60 min., 100 x 100 mesh  
 
t=20 min., 110 x 110 mesh  
 
t=60 min., 110 x 110 mesh  
Figure 4.6b: Velocity vectors for 100x100 and 110x110 mesh sizes.  The time step size is 30 
seconds. 
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40 x 40 mesh  
 
100 x 100 mesh  
 
80 x 80 mesh  
 
110 x 110 mesh  
 
90 x 90 mesh  
 
Figure 4.7: Velocity magnitudes at y = 1 and t = 30 min. for 2x2 cm ice box and mesh sizes of 
40x40, 80x80, 90x90, 100x100 and 110x110. The time step size is 30 seconds. 
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domain and the grid maintains its orthogonality. However, because of the curved melt 
front, convergence at the cells forming the melt interface may become difficult. An 
unstructured (triangular) mesh can usually better handle un-orthogonal meshes.  An 
unstructured mesh of 110 nodes specified per edge (the same number as for the quad 
mesh) is constructed. The total number of cells needed to mesh the box is 27200 cells 
compared to 12,100 cells needed when using quadrilateral mesh. 
Figure 4.8 shows the structured (Quad) and the unstructured (Tri) 110×110 meshes. 
The increase in the number of mesh cells in the case of unstructured is clear.  
Figure 4.9 shows the melting thickness versus time for the Quad and Tri 110×110 
meshes. A small difference up to a time of 60 minutes was observed. This difference is 
about 1.8 mm of melt thickness which is about 12% error. To further compare the results 
of Quad and Tri meshes, Figure 4.10 compares the velocity along a central line at y = 1.0 
cm for both mesh types. The magnitude of the velocity in both cases is similar for time 
greater than 20 minutes. Consequently, Quad meshes are used in this study due to savings 
in computational time and also due to the fact that a Tri mesh did not result in 
significantly different results.  The velocity profiles in figure 4.10 are also similar. 
4.5 Solution Independence of the Size of the Time Step 
Following the establishment of the independence of the solution of the grid size and 
type, it is important to examine the dependence of the solution on the size of the time 
step. Runs with time step sizes of 30, 15, 5, 2 and 1 seconds for the Quad mesh and with  
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Structured grid (Quad type) 
 
Unstructured grid (Tri type) 
Figure 4.8: Structured (Quad) and unstructured (Tri) Grids for the 110x110 mesh. 
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Figure 4.9: The melting depth versus time for 2x2 cm ice box with 110x110 mesh size for structured 
(Quad) and unstructured (Tri) grids. A time step size of 30 seconds was used. 
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y=1 cm & t=20 min. for structured (Quad) grid y=1 cm & t=20 min. for unstructured (Tri) grid 
  
y=1 cm & t=40 min. for structured (Quad) grid y=1 cm & t=40 min. for unstructured (Tri) grid 
y=1 cm & t=60 min. for structured (Quad) grid y=1 cm & t=60 min. for unstructured (Tri) grid 
Figure 4.10: Velocity magnitude for a 2x2 cm ice box and for a mesh size of 110x110 for a structured 
(Quad) and an unstructured (Tri) grids for different melting time. The size of time step used is 30 
seconds. 
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sizes of 30, 5, 2 and 1 seconds for the Tri mesh were attempted.  The plots of melt 
thickness versus time for a case of 110 × 110 mesh and each of the above time step sizes 
are shown in Figure 4.11. The melting rate over the first 15 minutes is controlled mainly 
by conduction and was found to be independent of the time step size. However, the 
melting rate was found to increase as the size of the time step is decreased.  For the Quad 
mesh the results of 1 and 2 seconds are quite close.  The overall melting rate for Quad 
and Tri meshes is found to be quite similar.  However, using one (1.0) second for Tri 
mesh the melting rate was found to be higher (by about 1.0 mm) than that for Quad mesh 
at the 45 minutes mark. 
4.6 Solution Dependence on the Difference Between the Liquidus and 
Solidus Temperatures 
 
The lumped heat capacity method used in this study is best suited for melting or 
solidification of alloys that melt over a small range of temperatures rather than at one 
sharp temperature. However, it can produce good approximations for melting of pure 
components if melting is restricted to a narrow range of temperature. For the previous 
runs a solidus temperature of 273 K and a liquidus temperature of 274 K were assumed. 
In this section, the effects of narrowing down the difference between the solidus and 
liquidus temperatures on the solution are investigated. The solidus and liquidus 
temperatures considered are shown in Table 4.3. 
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(b) 
Figure 4.11 Plots of melt thickness versus time for a case of 110x110 for various time step sizes and 
for (a) Quad mesh and (b) Tri mesh. 
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Table 4.3: Solidus and liquidus temperatures considered in this study 
Run Solidus Temperature K Liquidus Temperature K Tl-Ts oC 
1 273 274 1.00 
2 273 273.15 0.15 
3 273.05 273.15 0.10 
 
Figure 4.12 shows plots of the melt thickness versus time for a case of 110 × 110 
mesh and the ranges of liquidus and solidus temperatures shown in Table 4.3.  The 
melting rate over the first 12 minutes is controlled mainly by conduction and was found 
to be independent of the difference between liquidus and solidus temperatures.  However, 
the melting rate was found to decrease as the difference between liquidus and solidus 
temperatures is decreased.  The melting rates for liquidus and solidus temperatures 
difference of 0.15 and 0.1 K are found to be quite similar up to a time of  35 minutes.  
However, a difference of about 2 mm of melt thickness is found after 60 minutes of 
melting.  This is equivalent to about 12% error. 
A run with a difference of 0.05 K between the solidus and liquidus temperatures 
(Ts=273.1 K and Tl=273.15 K) was attempted. However, the results were not consistent 
with other results and consequently it will not be reported. 
4.7 Melting of Ice in a 2×2 cm Enclosure 
In the previous sections, the melting of a substance with physical properties close to 
but not quite the same as those of water was examined. In this section the melting of ice 
is examined and the physical properties used are as shown in Table 4.4: 
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Figure 4.12 Plots of melt thickness versus time for various ranges of liquidus and solidus 
temperature110x110 Tri mesh. The time step sized used is 1 second. 
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Table 4.4: Physical properties of ice and water 
Density of solid state (kg/m3) @ 273.1 K 990.0 
Density of liquid state (kg/m3) @ 273.15 K 999.3 
     @ 277 K 999.9 
     @ 293 K 998.2 
     @ 313 K 992 
     @ 333 K 983.2 
     @ 353 K 971.8 
Heating Capacity, Cp (J/kg-K) 4174 
Thermal Conductivity (W/m-K) 0.621 
Viscosity (kg/m-s) 0.00553 
Heat of melting (J/kg) 333793 
Molecular Weight (kg/kmole) 18 
 
Figure 4.13 shows the melting rate of ice versus time in a 2x2 cm block using a 
mesh of 110x110. An unstructured Tri mesh is used and a time step size of 1 second is 
also used. A solidus temperature of 273.1 and 273.05 K and a liquidus temperature of 
273.15 K are considered. This represents a difference of 0.1 and 0.05 K. The melting rate 
is slower than before due to the change in the physical properties. However, it shows a 
similar trend to that in previous section, namely a steep melting rate in the first minutes 
then a gradual slowing down in the melting rate. 
 48 
Figure 4.14 shows the velocity vectors at 10, 20, 40, 60, 80 and 100 minutes. The 
flow patterns due to natural convection are similar to those shown in the previous section. 
Figure 4.15 shows the melting front at the same time intervals as above. The shape and 
size of the melt zone are also similar to those shown in the previous sections. 
4.8 Confirmation of Grid Size Independency 
In section 4.3, the solution was tested for the dependency on grid size and a mesh 
size of 110x110 was selected for further simulations. This was done before carrying out 
the test of the solution independence of the solidus and liquidus temperatures and before 
utilizing the actual physical properties of water and ice.  
A case with 120x120 mesh size was tested after applying the actual physical 
properties of water and ice and after identifying the independence of the solution of the 
solidus and liquidus temperatures.  Figure 4.16 shows a comparison of melting rate for 
110x110 and 120x120 mesh sizes.  It is clear that both melting rate curves are almost 
identical.  This confirms the selection of 110x110 mesh size. 
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Figure 4.13: Melting rate of ice versus time in a 2x2 cm using a mesh of 110x110. An unstructured (Tri) 
grid and a time step size of 1.0 second are used. 
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t= 10 min 
 
t= 20 min 
 
t= 40 min 
 
t= 60 min 
 
t= 80 min 
 
t= 100 min 
Figure 4.14: Velocity vectors at different times for 2x2 cm ice box of 110x110 mesh size.  An 
unstructured (Tri) grid type and a time step size of 1.0 second are used. Ts = 273.1K and Tl = 273.15K. 
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t= 10 min 
 
t= 20 min. 
 
t= 40 min. 
 
t= 60 min. 
 
t= 80 min. 
 
t= 100 min. 
Figure 4.15: The melting front at different times for 2x2 cm ice box of 110x110 mesh size.  An 
unstructured (Tri) grid type and a time step size of 1.0 second are used. Ts = 273.1K and Tl = 273.15K. 
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Figure 4.16: Comparison of melting rates for 2x2 ice block with 110x110 and 120x120 meshes. 
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4.9 Effects of Natural Convection on Melting 
One objective of this study is to investigate the effect natural convection has on the 
melting rate of a pure component. In the previous sections melting with natural 
convection was considered. In this section, melting of a 2×2 cm ice block due to 
conduction only is considered, i.e. the effects of natural convection are neglected. This is 
also done numerically by solving only the energy equation and neglecting the solution of 
the Navier-Stokes equations. 
Figure 4.17 shows a comparison of the melting rate of a 2x2 cm ice block with and 
without the effects of natural convection. Natural convection reduced the melting time for 
1.5 cm of the block from 8 hours to about 1 hour. It is also noticed that in the initial 
melting period, the melting rates with and without natural convection were close to each 
other. Natural convection started to have an impact on the melting process 15 minutes 
following the onset of the melting process. 
4.10 Dependence of Natural Convection on Rayleigh Number 
The effects of natural convection increases as the value of Rayleigh number, Ra, 
increases. Rayleigh number is defined as: 
Ra = GrPr     (4.1) 
where Gr is Grashoff number and Pr is Prandtl number. Grashoff numbers is defined as: 
3
2
( )w
x
g T T xGr β ν
∞−=     (4.2) 
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Figure 4.17: A comparison of the melting rate of a 2x2 cm ice block with and without the effects of 
natural convection. 
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where g is the gravitational acceleration, Tw and T∞ are the temperatures at the hot wall 
and from away from it (at x). x is a characteristic length which varies with the system 
considered and ν  is the kinematic viscosity of the fluid. 
Prandtl number is defined as: 
CpPr
k
μ=      (4.3) 
where Cp is the heat capacity, μ  is the dynamic viscosity and k is the thermal 
conductivity. 
The average natural convection heat transfer coefficient can be represented in the 
following form: 
( Pr )mf f f
hdNu C Gr
k
= =      (4.4) 
where f refers to the film temperature and Tf=(T∝ + Tw)/2, C and m are constants which 
vary according to the circumstances of the problem at hand, e.g. they differ for different 
cases such as convection in an enclosure or from a hot place facing downwards, etc. 
Natural convection in an enclosure is very minute for very low Grashoff numbers 
and the heat transfer occurs mainly by conduction across the fluid layer. As the Grashoff 
number is increased, different flow regimes are encountered with a progressively 
increasing heat transfer. It is generally accepted that for Ra below 1000, the effects of 
natural convection is negligible.  
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For the 2×2 cm ice block, Ra ranges from 1.33x102 for a melt layer of 1 mm to 
7.76x105 for a melt layer of 18 mm.  According to the above criteria, Ra will reach 1000 
when the melt depth is about 2.0 mm.  The negligible or little effect of natural convection 
is confirmed by looking at Figure 4.17.  It can be seen that the melting rates with and 
without the effect of natural convection are identical until the melting thickness reaches 
7.0 mm.  This corresponds to a Ra of 4.5x104.  This means that the effects of natural 
convection become significant a short time before Ra reached the above value. 
For natural convection, it is generally accepted that turbulence effects are not 
important for Ra < 108.  Consequently and based on the above values of Ra, it can be 
concluded that the effects of turbulence on melting in a 2x2 cm enclosure can be 
neglected.  This means there is no need to include any turbulence model in simulating 
melting in a 2x2 cm box. 
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CHAPTER FIVE 
 
VALIDATION 
 
5.1  Introduction 
 
The enthalpy based method was used in the previous chapter to develop a two-
dimensional CFD model to simulate melting of ice in a block. A significant effort was 
made to establish the independence of solution of the grid size, grid type and size of the 
time step. In general, the grid size for which independence was established was rather 
fine, namely, a 110x110 mesh for a 2x2 cm block. For a regular quad mesh, that meant 
12100 cells. However, if an irregular Tri mesh is used, the total number of cells used 
which meant 27200 cells. 
In this chapter the numerical results are compared against some results obtained 
using some correlations and against some experimental data. The aim is mainly to 
validate the numerical model. 
5.2 Validation of the Model against Solomon’s Correlation 
 
Alexiades and Solomon [1983] presented a comprehensive review of mathematical 
modeling of melting and freezing processes. A simple approximation with a relative error 
below 10% for finding the melt time for a rectangular body under imposed temperature 
was suggested by Solomon [1979]. For a rectangle, of dimensions a by b, initially solid at 
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Tm, if a constant temperature Tl> Tm is imposed on all sides, its melt time according to 
Solomon [1979] is approximated by: 
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where a is the rectangle width, b is the rectangle height, the Stefan number for liquid StL 
= cL(TL-Tm)/L, cL is the specific heat of the liquid, TL is the liquidus temperature, Tm is the 
initial solid temperature, the thermal diffusivity, α, is k/ρc, k is the thermal conductivity, 
ρ is the density and c is the specific heat. 
Applying the above correlation for a 2cm by 2 cm block of almost pure ice, initially 
at 270 K and at time equal to zero, all four walls are set at a temperature of 283 K. Using 
an average value of heat capacity, cL, of 4204 J/kg.K, an average value of density of 
998.75 kg/m3, latent heat value of 337000 J/kg and a thermal conductivity value of 
0.5575 W/m.K, the melt time for this block using the Solomon’s correlation is found to 
be 1578.9 seconds or 26.3 minutes. When the same case is simulated using the current 
model, the whole block was melted at 25.5 minutes, which is within 3.0 % of the value 
found using Solomon’s correlation.  
The above 2cm by 2 cm block of ice was melted with the four boundary conditions 
set at the specified hot temperature. The velocity fields at certain time intervals are shown 
in Figure 5.1. The velocity fields show clearly how the effect of natural convection on the  
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t=5 min t=10 min 
t=15 min t=20 min 
t=25 min t=25.5 min 
Figure 5.1: Velocity vectors at different times for 2x2 cm ice box of 110x110 mesh size.  An 
unstructured (Tri) grid type and a time step size of 1.0 second are used. All walls have the same 
temperature of 283 K. 
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melting process progresses. At time lower than 5 minutes, natural convection is mainly 
from the left and right sides and very little is observed at the top melt layer. As time 
progresses and the thickness of the top melt layer increases, the natural convection 
contributes to melting from all sides, especially around the time interval of 15 to 20 
minutes. Figure 5.2 shows the melting front at different times for same case. 
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t=5 min t=10 min 
t=15 min t=20 min 
t=25 min t=25.5 min 
Figure 5.2: Melting front at different times for 2x2 cm ice box of 110x110 mesh size.  An unstructured 
(Tri) grid type and a time step size of 1.0 second are used. All walls have the same temperature of 
283K. 
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5.3 Melting in a Three Dimensional Block 
The above melting model was applied to melting in a three dimensional block of 
ice, 2×2×2 cm. A structured quad mesh of 110×110×110 is used. This means the total 
number of cells used is 1,331,000 cells. The time step size used was also 1 second. These 
figures are similar to those used for the two dimensional model. At such a high number of 
cells, the convergence is very slow. The model took a long time to converge. It was run 
for a total of 420 seconds.  
The run was terminated at this early time, simply because, a conclusion that the 
current solution method is limited by the large number of cells needed to capture the 
details even for such a small three dimensional block. 
Figure 5.3 shows the three dimensional melting front for melting in this three 
dimensional block over the first 7 minutes. The front shows that it is symmetric, and as 
expected, the thickness of the front is highest right at the center of the block which is 
away from the cold boundary conditions. 
Figure 5.4 shows the melting front in a central plane for the same three dimensional 
ice box. It shows the progression of the melt front with time up to 7 minutes of melting. 
The same conclusion can be drawn from this figure, which is that melting is fastest in the 
center away from the sub zero boundary conditions. 
Figure 5.5 shows velocity vectors at the same time interval show in the previous 
figures. The frames are shown in three dimensions. Similar but two dimensional velocity  
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t=2 min t=2 min 
  
t=4 min t=4 min 
  
t=7 min t=7 min 
Figure 5.3: Three dimensional melting front at different times for 2x2x 2 cm ice box of 110x110x110 
mesh. A structured (Quad) grid type and a time step size of 1.0 second are used. 
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z=0 and t= 2 min. z=1 and t= 2 min. 
  
z=0 and t= 4 min. z=1 and t= 4 min. 
  
z=0 and t= 7 min. z=1 and t= 7 min. 
Figure 5.4: Melting front in a central plane at different times for a 2x2x2 cm ice box of 110x110x110 
mesh. A structured (Quad) grid type and a time step size of 1.0 second are used. 
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t=2 min t=2 min 
  
t=4 min t=4 min 
  
t=7 min t=7 min 
Figure 5.5: Velocity vectors at different times for 2x2x2 cm ice box of 110x110x110 mesh. A 
structured (Quad) grid type and a time step size of 1.0 second are used. (left) vectors in a central plane 
and (right) vectors in a melt front surface. 
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fields are shown in Figure 5.6. These velocity fields show that the velocity magnitude due 
to natural convection is still low, and consequently, the contribution of natural convection 
is, up to this stage, rather limited. 
5.4 Melting in a 20×20 cm Ice Block 
In order to validate the melting model further, melting in a two dimensional 20×20 
cm block is now considered. Meshes of 300×300 and 400×400 were used. The 
progression of the melt front with time for the case with 400x400 mesh size is shown in 
Figure 5.7. Figure 5.8 shows that the melting rate for both mesh sizes is very similar and 
close in value. The melting rate is also compared with the melting rate for the 2×2 cm 
case. The two rates show good agreement. 
5.5 Conclusions 
Results obtained using the current melting model showed good agreement with the 
predictions using Solomon (1979) for a 2 by 2 cm block. The melting of a three 
dimensional body is limited by the available computational resources as the total number 
of cells used was 1,331,000 cells. 
The melting in a 20 by 20 cm block was also investigated. The melting rate over the first 
two hours was similar to that for the 2 by 2 cm block. These results are also in qualitative 
agreement with experimental results previously carried out at KFUPM. 
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z=0 and t= 2 min. z=1 and t= 2 min. 
  
z=0 and t= 4 min. z=1 and t= 4 min. 
  
z=0 and t= 7 min. z=1 and t= 7 min. 
Figure 5.6: Velocity vectors in a central plane at different times for 2x2x2 cm ice box of 110x110x110 
mesh. A structured (Quad) grid type and a time step size of 1.0 second are used. 
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t=30 min t=60 min 
t=90 min t=120 min 
Figure 5.7: Melting front at different times for 20x20 cm ice box of 400x400 mesh size.  A structured 
(Quad) grid type and a time step size of 1.0 second are used.  
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Figure 5.8: Comparison of melting rates for 2x2 cm and 20x20 cm ice block. 
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Chapter Six 
PARAMETRIC RUNS OF MELTING IN A TWO-
DIMENSIONAL ICE BOX 
6.1  Introduction 
In the chapter four, melting in a two-dimensional enclosure was simulated. The 
model was tested for independence of the grid type and size, the time step size, and the 
difference between solidus and liquidus temperatures. In this chapter, a number of 
parametric runs is carried out to investigate the effects of geometry, extent of the heated 
area, initial temperature and various values of wall temperatures. 
6.2 Effects of Heated Area on Melting in Two-Dimensional  
Enclosures 
 
In the previous runs the full top surface of the enclosure was set at a higher 
temperature. In certain applications, that may not be always the case. Only a part of the 
wall may be heated. In order to investigate the effect of the heated area on the rate of 
melting and the shape of the melted volume, a number of runs are carried out with a 
reduced heated area. 
6.2.1 Melting with Half of the Top Surface Heated 
In this section and the next section three cases are considered. In the first one (case 1), 
one half of the top surface is heated. In the second case (case 2), one half of the top 
surface is heated also but this hot section is placed in the center of the top face. In the 
third case (case 3) which will be discussed in the next section, one quarter of the top face 
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is heated. These three cases are shown in Figure 6.1. The boundary   conditions, namely 
the temperatures at which the walls were kept are also shown in Figure 6.1. Figure 6.2 
shows the melt front for case 1 at selected times. Figure 6.3 shows the velocity fields in 
the melt zones at the same selected times. 
Figure 6.2 shows how the melt zone spreads not only vertically but also laterally 
especially away from the cold boundary set at the left wall. The melt zone becomes 
almost centralized 120 minutes after the start of the melting process. Figure 6.3 shows an 
asymmetry in the flow patterns. It should be noted that the flow patterns shown in the 
chapter four where the full top surface was heated were symmetrical. Figure 6.3 also 
shows that the flow patterns at the lower half of the melt zone 120 minutes after the start 
becomes rather symmetrical. However, the asymmetry continues at the top half of the 
melt zone due to the asymmetric boundary conditions.  
Figure 6.4 shows a plot of the melt thickness versus time for this case compared 
with the case where the full top face was heated. It can be observed that the melting rate 
(mm/s) for both cases show a similar trend although the melting rate for the case where 
half the top surface was heated is significantly lower than when the full top surface was 
heated. It took 87 minutes to melt 17 mm when the full surface was heated compared to 
145 minutes when only half the surface was heated. This percentage reduction in the 
melting rate is not the same as the percentage reduction of the heated area.  
Figures 6.5-6.7 show similar plots for a case where a central half of the top surface 
is heated. A small change in boundary conditions between this case and the previous  
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Initial temp= 270 K. 
 
 
 
Left, bottom and right walls 
T=270 K 
20 mm 
10 mm 10 mm 
T=340 K T=270 K 
 
 
Initial temp= 270 K. 
 
 
 
Left wall T=273 K 
 
 Bottom and right walls 
T=270 K 
20 mm 
5mm 5 mm 
T=340 K  T=270 K 
10 mm 
T=273 K 
 
  
Figure 6.1a: A schematic diagram of the case where only half of the top (left side) 
surface is heated. 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.1b: A schematic diagram of the case where only half of the top (center) 
surface is heated. 
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Figure 6.1c: A schematic diagram of the case where only a quarter of the top surface 
is heated. 
 
 
 
 
 
 
Initial temp= 270 K. 
 
 
 
Left, bottom and right walls 
T=270 K 
20 mm 
15 mm 
T=270 K 
5 mm 
  T=340 K 
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t= 20 min. 
 
 
t= 40 min. 
 
t= 60 min. 
 
t= 80 min. 
t= 100 min. 
 
t= 120 min. 
Figure 6.2a: The melt front for a 2×2 cm block with the half of the top surface heated at t= 20 min., 
40min., 60 min., 80 min., 100 min. and 120 min. 
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t= 150 min. 
 
t= 180 min. 
Figure 6.2b: The melt front for a 2×2 cm block with the half of the top surface heated at t= 150 min 
and 180 min. 
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t= 20 min. 
 
t= 40 min. 
 
t= 60 min. t= 80 min. 
t= 100 min. t= 120 min. 
Figure 6.3a: The velocity field for a 2×2 cm block with the half of the top surface heated at t= 20 
min., 40min., 60 min., 80 min., 100 min. and 120 min. 
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Velocity vectors @ t=150 min. Velocity vectors @ t=180 min. 
Figure 6.3b: The velocity field for a 2×2 cm block with the half of the top surface heated at t= 150 
min. and 180 min.  
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Figure 6.4: The melt thickness versus time for a 2×2 cm block for a case where half of the top surface 
heated and for a case where the whole top surface is heated. 
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t= 20 min. t= 40 min. 
 
t= 60 min. t= 80 min. 
t= 100 min. t= 120 min. 
Figure 6.5a: The melt front for a 2×2 cm block with a central half of the top surface heated at t= 20 
min, 40 min, 60 min, 80 min, 100 min, and 120 min. 
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t= 140 min. t= 160 min. 
 
Figure 6.5b: The melt front for a 2×2 cm block with a central half of the top surface heated at t= 
140min and 160 min. 
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t= 20 min. 
 
t= 40 min. 
 
 
t= 60 min. 
 
 
t= 80 min. 
 
 
t= 100 min. 
 
t= 120 min. 
Figure 6.6a: The velocity field for a 2×2 cm block with a central half of the top surface heated at t= 20 
min, 40 min, 60 min, 80 min, 100 min, and 120 min. 
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t= 140 min. 
 
 
t= 160 min. 
 
Figure 6.6b: The velocity field for a 2×2 cm block with a central half of the top surface heated at t= 140 
min. and 160 min. 
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Figure 6.7: A comparison of the melt thickness versus time for cases with half the top surface heated 
and a case with the full top surface heated. 
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cases must be noted. The temperature of the left wall and the right quarter of the top 
surface were set in this case to 273 K and not 270 K as before. This slight difference in 
the boundary conditions created an asymmetry which is clearly reflected 
 in the melting process. The degree of asymmetry grew significantly with time as can be 
seen from Figure 6.5. This asymmetry is also reflected in the flow profiles shown in 
Figure 6.6. The melting rate for this case was marginally faster than when the left half of 
the top surface was heated. It took 133 minutes for the melting front to reach 17 mm. 
This compares with 145 minutes for the case where the top left half was heated. This is 
according to expectations because heat is better transferred from a central half due to its 
increased distance from the cold boundaries. 
6.2.2 Melting with Quarter of the Top Surface Heated 
Figures 6.8-6.10 show the results for a case where only one quarter of the top 
surface is heated. Figure 6.8 shows similar features to those discussed for the case where 
half the top surface was heated, especially with the shifting of the melt zone towards the 
center and away from the cold boundaries.  Figure 6.9 shows the velocity profiles at 
different times of the melting process. The asymmetry during the early stages can be seen 
clearly.   
Figure 6.10 shows a plot of the melt thickness versus time for all the above three 
cases in addition to that where the whole of the top surface is heated.  It is clear that the 
melting rate for the case where only one quarter of the top surface is heated is much 
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t=20 min. 
 
 
t=40 min. 
 
 
t=60 min. 
 
 
t=120 min. 
 
 
t=150 min. 
 
t=180 min. 
Figure 6.8: The melt front for a 2×2 cm block with a quarter of the top surface heated at melting times 
equal to 20, 40, 60, 120, 150 and 180 minutes. 
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t=20 min. 
 
 
t=40 min. 
 
t=60 min. 
 
 
t=120 min. 
 
t=150 min. 
 
t=180 min. 
Figure 6.9: The velocity filed for a 2×2 cm block with a quarter of the top surface heated at melting 
times equal to 20, 40, 60, 120, 150 and 180 minutes. 
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Figure 6.10: A comparison of the melt thickness versus time of a case with full top surface heated and 
three case with a part of the top surface only heated. 
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slower that the other cases with full tope surface heated and half of the top surface 
heated. 
6.3 Melting in a Circular Enclosure 
Melting is sometimes required to de-freeze pipelines, especially in countries with 
cold climates. To study the melting of ice in a cylindrical geometry, a two-dimensional 
circular model is constructed as shown in Figure 6.11. The diameter of the circle is 2 cm. 
An unstructured triangular mesh is used to discretize the domain. A total number of 
26038 cells were used. Based on the grid independence test that was done in the previous 
chapter, this number of cells corresponds to a mesh size of about 0.02 cm.  
Figures 6.12-6.14 show the results for a case where a quarter (top) of a circle 
geometry is heated. Figures 6.12-6.13 show similar features to those discussed in section 
4.7 and Figures 4.14-4.15 for a square geometry with the full top surface heated.  
Figure 6.12 shows the melting front at 10, 20, 30, 40, 50, 60, 70 and 80 minutes. 
Generally, the shape and size of the melting zone are similar to those of the square 
geometry.  Figure 6.13 shows the velocity vectors at the same time intervals as above. 
The flow patterns due to natural convection are also similar to those discussed in section 
4.7. 
Figure 6.14 shows a comparison of the melting rate for a circle and a square 
geometries.  It is clear that the melting rate for a circle geometry is slightly higher than 
that of square geometry.  Although the area of a circle is less than the area of a square by  
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cm 20  
T = 340
T = 270 K 
 
 
 
Figure 6.11: A schematic diagram for a 2 cm diameter pipe with half of the tope 
surface heated. 
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t= 10 min. 
 
 
t= 20 min. 
 
t= 30 min. 
 
t= 40 min. 
t= 50 min. 
 
t= 60 min. 
Figure 6.12a: The melt front for a 2 cm diameter pipe with the half of the top surface heated at 
melting times equal to 10, 20, 30, 40, 50 and 60 minutes. 
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t=70 min. 
 
 
t=80 min. 
 
Figure 6.12b: The melt front for a 2 cm diameter pipe with the half of the top surface heated at 
melting times equal to 70 and 80 minutes. 
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t= 10 min. 
 
t= 20 min. 
 
t= 30 min. t= 40 min. 
t= 50 min. t= 60 min. 
Figure 6.13a: The velocity field for a 2 cm diameter pipe with the half of the top surface heated at 
melting times equal to 10, 20, 30, 40, 50 and 60 minutes. 
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t=70 min. 
 
 
t=80 min. 
 
Figure 6.13b: The velocity field for a 2 cm diameter pipe with the half of the top surface heated at 
melting times equal to 70 and 80 minutes. 
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Figure 6.14: A comparison of the melting rate for a circle and a square geometries. 
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about 21% for a circle with a diameter equals to a square length, the area to the volume 
ratio or perimeter to area ratio is the same.  Therefore the increase in the  
 melting rate is mainly due to the difference in shape which contributes to more 
streamlined natural convection. 
 
6.4 Effects of Initial Temperature on Melting in a 2-D Square 
Rectangle 
 
The initial temperature of the ice in an enclosure is one of the parameters that may 
be different from a case to a case. In order to investigate the effects of the initial ice 
temperature on the total mixing time, simulations of melting was carried out with the 
initial temperature of the ice equals to 250 K. All previous simulations have been 
presented at an initial temperature of 270 K. Temperatures of all walls were held at 270K. 
Figure 6.15 shows the effect of the initial temperature on melting rate.  It is clear 
from the figure that as the initial temperature of ice decreases, the melting rate slightly 
decreases.  Up to a time of 20 minutes melting, the melting rate for a case with initial 
temperature of 250 K and a case with initial temperature of 270 K are similar as only heat 
transfer by conduction took place.  The difference at the 70 minutes mark is about 1.9 
mm of melt thickness which is about 13%.  This means that a significantly longer time is 
needed as the initial temperature decreases. 
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Figure 6.15: Effects of initial temperature on melting rate. 
 
 97 
6.5 Effects of the Hot surface temperature on the Melting in a 2-D 
Square Enclosure 
 
The effects of the hot surface temperature on the melting rate were also 
investigated. The hot surface temperature was 340 K in all of the previous runs. Runs 
with the heated surface kept at temperatures of 320 K and 360 K were carried out. The 
results are shown in Figure 6.16. This Figure shows that for a temperature of 320 K the 
melting rate is rather slow. For temperatures of 340 K or 360 K the melting rate is almost 
the same. This again shows that the effects of conduction heat transfer is rather limited 
and that the effects of natural convection depends on the hot surface temperature up a 
certain value after which the effects of temperature becomes insignificant. 
6.6 Effects of the Boundary Temperatures on Melting rate and shape 
 
Figures 6.17-6.18 show results for a case with a half of the top surface heated.  This is 
similar to the case discussed in section 6.2.1 and in Figures 6.2-6.4. The only difference 
is that the left vertical wall is set at 273K rather than 270 K. Figures 6.17-6.18 show the 
melt front and the velocity fields at different stages of the melting process. The shapes of 
the melt zones and the flow patterns are significantly different from those in Figures 6.2-
6.4. The melt zone does move towards the center of the block as before and it tends to 
stay close to the relatively warm boundary of 273 K (the left wall). This was also 
reflected in the flow patterns.  However, unlike the case discussed in section 6.2.1 where 
the flow patterns at the lower half of the melt zone became symmetrical at the end of 
melting process, the flow patterns of this case do not show any indication of symmetrical 
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Figure 6.16: A comparison of the melt thickness versus time for cases with the top surface heated at 340 K 
and cases with the top surface heated at 320 K and 360 K. 
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t= 20 min. 
 
 
t= 40 min. 
 
t= 60 min. 
 
t= 80 min. 
t= 100 min. 
 
t= 120 min. 
Figure 6.17: The melt front for a 2×2 cm ice block with a half of the top surface heated and different 
boundary conditions. 
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t= 20 min. 
 
 
t= 40 min. 
t= 60 min. 
 
 
t= 80 min. 
 
t= 100 min. 
 
t= 120 min. 
Figure 6.18: The velocity field for a 2×2 cm ice block with a quarter of the top surface heated and 
different boundary conditions. 
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at the lower half of the melt zone. The asymmetry continues at the top half of the melt 
zone due to the asymmetric boundary conditions. 
Figures 6.19-6.20 show results for a case with a quarter of the top surface heated. 
This is similar to the case discussed in section 6.2.2 and in Figures 6.8-6.10. Again, the 
only difference is that the left vertical wall is set at 273 K rather than 270 K. Figures 
6.19-6.20 show the melt front and the velocity fields at different stages of the melting 
process. The shapes of the melt zones and the flow patterns are significantly different 
from those in Figures 6.8-6.9. The melt zone does move towards the center of the block 
as before and it tends to stay close to the relatively warm boundary of 273 K (the left 
wall). This was also reflected in the flow patterns.  
Figure 6.21 shows a comparison of the melt thickness versus time for these two 
cases and a number of the previous cases.  
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t= 20 min. 
 
 
t= 40 min. 
 
t= 60 min. 
 
t= 80 min. 
t= 100 min. 
 
t= 120 min. 
Figure 6.19: The melt front for a 2×2 cm ice block with a quarter of the top surface heated and 
different boundary conditions. 
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t= 20 min. 
 
 
t= 40 min. 
t= 60 min. 
 
 
t= 80 min. 
 
t= 100 min. 
 
t= 120 min. 
Figure 6.20: The velocity field for a 2×2 cm ice block with a quarter of the top surface heated and 
different boundary conditions. 
 104 
 
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90 95 100 105 110 115 120 125 130 135 140 145 150
Time (min)
M
el
tin
g 
D
ep
th
 (m
m
)
Whole  top surface is heated
Half of the top surface (left side)  is heated
Half of the top surface (center) is heated
Quarter of the top surface (left side)  is heated
 
Figure 6.21: A comparison of the melt thickness versus time of a case with full top surface heated and 
three cases with a part of the top surface only heated and with a left wall temperature of 273K rather than 
270K. 
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Chapter Seven 
 
CONCLUSIONS 
Melting of ice enclosures has been studied using computational fluid dynamics and a 
lumped heat capacity approach. This approach makes tracking of the interface un-
necessary. Based on the current study the following conclusions can be made: 
a. The melting rate is sensitive to the grid size and a grid size of 110 by 110 
for a 2 cm by 2 cm ice block was needed for the solution to be grid size 
independent. This fine grid is needed to resolve the large gradients around 
the interface area. Such a fine grid makes it prohibitively expensive in 
computational terms to use this method to solve melting in large domains 
or in three-dimensional enclosures. 
b. For reasons similar to the ones mentioned above, the melting rate was 
found also sensitive to the size of the time step. A size of 1 s was needed 
for the solution to be independent of the time step size. This again 
increases the computational cost for large melting problems. 
c. The results showed that natural convection plays a major role in melting of 
ice in an enclosure heated from the top. For a 2×2 cm block, melting 
without natural convection was 8 times slower than melting with natural 
convection. 
d. Simulation results were compared with predicted results using a 
correlation proposed Solomon (1979) and a good agreement was observed. 
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e. The melting rate was found to be a function of the size and location of the 
heated area. However, the melting rate is not directly proportional to the 
size of the heated area. As the size is halved, a 25% decrease in the 
melting rate is observed.     
f.  The melting rate was also found to be a function of the initial temperature 
of the ice. A lower temperature meant a significant longer melting time.  
g. The boundary conditions dictate the shape of the melted area. Results 
showed clearly that melting tends to occur away from a sub-zero wall. 
h. Melting in a 20×20 cm was also investigated. Results were compared to 
experimental model and a good qualitative agreement was observed. 
i. Simulation of melting in a small three dimensional model was carried out.   
Due to the fine grid and the small time step needed, the computational cost 
of solving melting using the current method proved to be not very 
practical. 
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